Integration of metamaterial and nonvolatile memory devices with tunable characteristics is an enthusing area of research. Designing a unique nanoscale prototype to achieve a metasurface with reliable resistive switching properties is an elusive goal. We demonstrate a method to exploit the advantages of a phase-change material (PCM) as a metamaterial light absorber and a nanoscale data storage device. We designed and simulated a metamaterial perfect absorber (MPA) that can be reconfigured by adjusting the visible light properties of a chalcogenide-based PCM. The suggested perfect absorber is based on a Ge 2 Sb 2 Te 5 (GST) film, and is tuned between two distinct states by heat treatment. Furthermore, we fabricated and characterized a resistive switching memory (ReRAM) device with the same features. The MPA/ReRAM device with a conventional metal/dielectric/metal structure (Ag/GST/Al 2 O 3 /Pt) consisted of arrays of Ag squares patterned on a GST thin film and an alumina-coated Pt mirror on a glass substrate. Based on the numerical data, amorphous GST showed perfect absorbance in the visible spectrum, whereas, crystalline GST showed broadband perfect absorbance. The fabricated ReRAM device exhibited uniform, bidirectional, and programmable memory characteristics with a high ON/OFF ratio for nonvolatile memory applications. The elucidated origin of the bipolar resistive switching behavior is assigned to the formation and rupture of conductive filaments.
Introduction
Use of phase-change materials (PCMs) in electrical and optical systems has introduced widespread applications, including uses in optical data storage [1] [2] [3] and photonic nanodevices [4, 5] . Attributes of PCMs include nonvolatile phase changes, rapid switching, and quick responses to stimuli, reasonable data retention, and long-term stability [6] [7] [8] . The exceptional properties of PCMs, including phase-state stability, small crystallization times (~ns), low switching energies (~pJ), and high endurance potentials (~10 15 cycles), make them perfect materials for ultrafast and low-energy photonic processing [9] . Due to various physical properties of their atomic structures [10] , PCMs can work as data storage systems in optical storage discs [11] , emerging nonvolatile electronic memories (eNVMs) [6] , active optoelectronic nanodisplays [12] , and electro-optomechanics [13] .
Methods

Fabrication of the Memory Device
ReRAM samples with MIM structures of Ag/GST/Al 2 O 3 /Pt were fabricated on a quartz glass substrate. The glass substrates were cleaned ultrasonically using acetone, 2-propanol, and distilled water for 15 min sequentially, then dried by blowing N 2 gas. A 10 nm Ti adhesion layer was deposited on the substrate by E-beam evaporation, then a 100 nm Pt mirror was deposited on it by sputtering. A 7 nm Al 2 O 3 thin film was deposited on the Pt electrode by using plasma-enhanced atomic layer deposition (PEADL) (Quros, Plus 200). A 25 nm GST layer was sputtered using RF magnetron sputtering (SnTek) with a background pressure of 5 mTorr and a power of 50 W for 143 s under ambient gas.
Square nanopatterns of the MPA were defined using electron beam lithography (EBL) and wet chemical lift-off. To make the squares, PMMA 495 A4 was spin-coated at 4000 RPM, and then baked at 180 • C for 2 min. After EBL, an 80 nm Ag layer was deposited by E-beam evaporation on the lithographically patterned E-beam layer. A lift-off process was performed using acetone, followed by a 1 min ultrasonication process.
Characterizations
Conductive atomic force microscopy (Park systems, X100) using Pt-/Ir-coated tips was performed to measure the current-voltage (I-V) characteristics of MPA. Scanning electron microscope (SEM) images were obtained with a Jeol 6500F SEM at 10 kV for characterization of the fabricated device.
Numerical Simulations
The simulation with a full-field electromagnetic calculation was performed using Lumerical analysis based on the finite-difference time-domain method (FDTD), with normal incident light to the x-y plane on the unit cell of MPA, and the E-field polarized in the x direction.
A unit cell of MPA was simulated by periodic boundary conditions along the x and y axes. Perfectly matched layers were considered along with the propagation of the EM wave on the z axis. The periodic property of the MPA was accounted for at x = ±L/2 and y = ±L/2 for the electric and magnetic conductor.
The optical constants and dielectric properties of Ag, Pt, and Al 2 O 3 were selected from the available Lumerical library. The dielectric properties of GST in two different phases were calculated from the ellipsometry data.
Results and Discussion
Structure and Design
A nanoscale device with a sandwiched structure configuration of resonator/top spacer layer/bottom spacer layer/mirror (i.e., Ag nanopatterns/GST/Al 2 O 3 /Pt) (Figure 1a-c ) was used to demonstrate the MPA and ReRAM. A 100 nm Pt electrode with a 5 nm Cr adhesion layer was deposited as a bottom electrode (BE) on a glass substrate. A 7 nm Al 2 O 3 layer was ALD-deposited onto the Pt electrode, then covered with a 25 nm GST film by sputtering (Figure 1b ). Ag squares with side lengths (dx, dy) of 110 nm, a thickness of 80 nm, and a lattice constant of 220 nm ( Figure 1b) were patterned on a GST layer using e-beam lithography (EBL), then deposited using e-beam evaporation. SEM images of the fabricated MPA, with 5 × 5 arrays of the nanostructure with different magnifications (Figure 2a 
Ge 2 Sb 2 Te 5 (GST) Thin Film Characterization
Samples were characterized following the sputtering of the GST layer and heating above the transition temperature. AFM analysis confirmed that amorphous GST formed a smooth, thin layer. The heated GST thin film changed to the crystalline phase, with a consequent increase in surface roughness compared to the amorphous state ( Figure S2a,b) . Interaction of the Pt mirror with the Ag squares localized the electromagnetic (EM) field inside the BS layer.
Optical Properties of GST
PCMs were characterized by their amorphous and crystalline states related to covalent and resonant bonding, respectfully. The phase transition between two metastable states was nonvolatile [34] . 
Ge2Sb2Te5 (GST) Thin Film Characterization
Optical Properties of GST
PCMs were characterized by their amorphous and crystalline states related to covalent and resonant bonding, respectfully. The phase transition between two metastable states was nonvolatile [34] . The refractive index n and extinction coefficient k of amorphous and crystalline GST were obtained from ellipsometry data in the ultraviolet (UV) spectral range up to a wavelength of λ = 1000 nm (Figure 3a ,b). In the amorphous state, the predominant peaks of n and k were recorded in the visible range (~400 nm); however, a smaller second peak of k was observed at 300 nm.
Although the maximum n of crystalline state occurred at 400 nm, different peaks of k (at 0.6 and 0.55) happened in UV ranges (about 200, 300, and 380 nm) following a peak of 0.45 in NIR (>800 nm) regions. Upon crystallization, the temperature n increased from 1.4 to 1.7 at approximately 400 nm ( Figure 3a) ; however, k was enhanced by about 45 times at a wavelength of 820 nm (Figure 3b) .
A significant change in bonding was responsible for the pronounced increase in the optical properties associated with attenuation in a bandgap [42] . We concluded that the dielectric constant was dispersive [37] and that the large, imaginary part of the dielectric constant of GST indicated a high A [43] .
0.55) happened in UV ranges (about 200, 300, and 380 nm) following a peak of 0.45 in NIR (>800 nm) regions. Upon crystallization, the temperature n increased from 1.4 to 1.7 at approximately 400 nm ( Figure 3a) ; however, k was enhanced by about 45 times at a wavelength of 820 nm (Figure 3b) . A significant change in bonding was responsible for the pronounced increase in the optical properties associated with attenuation in a bandgap [42] . We concluded that the dielectric constant was dispersive [37] and that the large, imaginary part of the dielectric constant of GST indicated a high A [43] . 
Simulation Data of the Metamaterial Perfect Absorber (MPA)
The MPA was simulated using the finite-difference time-domain method (FDTD) with a transverse electric (TE) plane wave. To design a device with A = 1, the dimensions and structural parameters were optimized by simulation. In the FDTD simulation, a source was selected within the visible range with a downward propagation along the z axis, whereas the electric field E was polarized in the x direction. Preliminary simulations were performed to optimize the thickness of the Al2O3 interface layer and the GST thin film, and to optimize the dimensions of Ag nano-squares. Based on the achieved results, we fixed the thicknesses of GST and Al2O3 at 25 and 7 nm, respectively. The absorbance over the visible range of the spectrum was simulated for the amorphous GST-based metadevice with different thicknesses (tAg) of the top Ag electrode (60, 80, 100, 140, 180, and 220 nm) (Figure 4a) . A thickness of tAg = 60 nm yielded an A of about 0.98, and a thickness of 80 nm ≤ tAg ≤ 220 nm yielded an A = 1.0 at 560 ≤ λ ≤ 690 (Figure 4a ). Therefore, we selected the minimum tAg that achieved an A = 1.0 (i.e., tAg = 80 nm for λ = 560 nm, and tAg = 100 nm for λ ~ 600 nm). By using GST film in a crystalline state, a broadband perfect absorber was achieved for 600 ≤ λ ≤ 900 nm ( Figure   4b ). The Ag squares governed the electric dipole resonances, and the Pt layer controlled the magnetic dipolar resonances. The simulation results confirmed that the dimensions and thickness of the nanopatterns, and thickness of the BS, are important factors that affect absorbance [37] . 
The MPA was simulated using the finite-difference time-domain method (FDTD) with a transverse electric (TE) plane wave. To design a device with A = 1, the dimensions and structural parameters were optimized by simulation. In the FDTD simulation, a source was selected within the visible range with a downward propagation along the z axis, whereas the electric field E was polarized in the x direction. Preliminary simulations were performed to optimize the thickness of the Al 2 O 3 interface layer and the GST thin film, and to optimize the dimensions of Ag nano-squares. Based on the achieved results, we fixed the thicknesses of GST and Al 2 O 3 at 25 and 7 nm, respectively. The absorbance over the visible range of the spectrum was simulated for the amorphous GST-based metadevice with different thicknesses (t Ag ) of the top Ag electrode (60, 80, 100, 140, 180, and 220 nm) (Figure 4a) . A thickness of t Ag = 60 nm yielded an A of about 0.98, and a thickness of 80 nm ≤ t Ag ≤ 220 nm yielded an A = 1.0 at 560 ≤ λ ≤ 690 (Figure 4a ). Therefore, we selected the minimum t Ag that achieved an A = 1.0 (i.e., t Ag = 80 nm for λ = 560 nm, and t Ag = 100 nm for λ~600 nm). By using GST film in a crystalline state, a broadband perfect absorber was achieved for 600 ≤ λ ≤ 900 nm (Figure 4b ). The Ag squares governed the electric dipole resonances, and the Pt layer controlled the magnetic dipolar resonances. The simulation results confirmed that the dimensions and thickness of the nanopatterns, and thickness of the BS, are important factors that affect absorbance [37] . The narrow absorption peaks of the MPA with amorphous GST were changed to broadband absorbance when the GST was crystalline. Perfect absorbance was likely to be caused by plasmonic resonance. Due to the matching impedance of MPA with the vacuum, low reflectance and high absorbance over the entire visible domain were achieved by using a crystalline GST layer. Adjustments of resonances in ε and μ matched the impedance of the MPA to that of free space, producing an effective absorber [44] . The narrow absorption peaks of the MPA with amorphous GST were changed to broadband absorbance when the GST was crystalline. Perfect absorbance was likely to be caused by plasmonic resonance. Due to the matching impedance of MPA with the vacuum, low reflectance and high absorbance over the entire visible domain were achieved by using a crystalline GST layer. Adjustments of resonances in ε and µ matched the impedance of the MPA to that of free space, producing an effective absorber [44] .
To investigate the effect of BS on the ability to achieve perfect absorbance, and to gain insight into the importance of the localized surface plasmon resonance (LSPR), the electromagnetic distribution was calculated at a normal incidence (i.e., in the x-z plane) (Figure 5a-d) . The simulation considered Ag metallic squares with sides of 110 nm and a pitch of 220 nm under periodic conditions. Absorbance was calculated from the electric field as
where ε and ε 0 are the permittivity of the material and free space, respectively. The electric field, magnetic field, and absorption were calculated for λ ≈ 610 nm (Figure 5b-d) .
(a) (b) Figure 4 . Metamaterial perfect absorbance (MPA) effect by finite-difference time-domain (FDTD) simulation. Reconfigurable perfect absorbance for (a) amorphous GST by changing the thickness of Ag nanoarrays from 60 to 220 nm. (b) Broadband MPA effect using crystalline GST at Ag thicknesses from 60 to 160 nm.
The narrow absorption peaks of the MPA with amorphous GST were changed to broadband absorbance when the GST was crystalline. Perfect absorbance was likely to be caused by plasmonic resonance. Due to the matching impedance of MPA with the vacuum, low reflectance and high absorbance over the entire visible domain were achieved by using a crystalline GST layer. Adjustments of resonances in ε and μ matched the impedance of the MPA to that of free space, producing an effective absorber [44] .
To investigate the effect of BS on the ability to achieve perfect absorbance, and to gain insight into the importance of the localized surface plasmon resonance (LSPR), the electromagnetic distribution was calculated at a normal incidence (i.e., in the x-z plane) ( Figure 5 a-d) . The simulation considered Ag metallic squares with sides of 110 nm and a pitch of 220 nm under periodic conditions. Absorbance was calculated from the electric field as
where ε and ε0 are the permittivity of the material and free space, respectively. The electric field, magnetic field, and absorption were calculated for λ ≈ 610 nm (Figure 5b-d) . Two resonances were represented: one was an electric dipole between upper parts of Ag squares, the other was a magnetic dipole between their lower parts. The simulations suggest that electric fields responsible for the energy absorption through the BS layer propagated towards the base of the square patterns in a forward direction (Figure 5b , white arrows). Similar radiation of an individual electric dipole in two opposite directions (perpendicular to the dipole's orientation) caused an equal energy distribution. The electric and magnetic dipoles interfered destructively in the backward direction and constructively in the forward direction so that the backward scattering was suppressed while the forward scattering was strengthened [45, 46] . This phenomenon led to a unidirectional super-scattering, or the so-called Kerker scattering [47] . The strengthening of the forward scattering and the entire absorption by the PCM layer combined to yield A = 1.0.
The strong intensity of the magnetic field in the central part between the two unit cells represented a powerful magnetic dipolar moment between them [48] .
Fast Phase Transition of GST in the MPA
Absorption happens because of losses within the BS layer. GST has a large imaginary part of the refractive index (Figure 3b ), so a strong absorption peak in the visible range can be predicted. The high A leads to a rapid increase in the GST temperature; therefore, the GST phase changes rapidly (nanosecond timescale) from amorphous to crystalline. 37 The thermal energy (J) that a unit cell can absorb is
where E th , L, and F l represent the thermal energy, mathematical lattice constant, and the light fluence shining on the sample, respectively. R a can be calculated from the overlap of light-power density and the absorbance spectrum within the visible range [37] .
Electrical Properties of Hybrid GST-Based Resistive Switching Memory (ReRAM)
ReRAM is a possible novel memory device for future data storage systems; therefore, we characterized the electrical properties of the fabricated device to make it suitable for storing data. The GST-based ReRAM showed resistive switching behavior (Figure 6a ). The current-voltage relation of the Ag/GST/Al 2 O 3 /Pt device was obtained with direct current voltage applied to the Ag electrode while the Pt electrode was grounded. Triggering the device by applying forming voltage caused the formation of two conductive filaments (CF), one composed of Ag within the GST layer and one composed of oxygen vacancies within the Al 2 O 3 layer. After the CFs had formed, the insulating layers changed to their low-resistance state (LRS). We applied a compliance current of 10 −4 A to prevent permanent breakdown of the device. In contrast, a change to the polarity of the applied voltage caused the CF to rupture, so insulating layers changed to their high-resistance state (HRS) (Figure 6a (Figure 5b, white arrows) . Similar radiation of an individual electric dipole in two opposite directions (perpendicular to the dipole's orientation) caused an equal energy distribution. The electric and magnetic dipoles interfered destructively in the backward direction and constructively in the forward direction so that the backward scattering was suppressed while the forward scattering was strengthened [45, 46] . This phenomenon led to a unidirectional superscattering, or the so-called Kerker scattering [47] . The strengthening of the forward scattering and the entire absorption by the PCM layer combined to yield A = 1.0.
Fast Phase Transition of GST in the MPA.
where Eth, L, and Fl represent the thermal energy, mathematical lattice constant, and the light fluence shining on the sample, respectively. Ra can be calculated from the overlap of light-power density and the absorbance spectrum within the visible range [37] .
Electrical Properties of Hybrid GST-Based Resistive Switching Memory (ReRAM).
ReRAM is a possible novel memory device for future data storage systems; therefore, we characterized the electrical properties of the fabricated device to make it suitable for storing data. The GST-based ReRAM showed resistive switching behavior (Figure 6a ). The current-voltage relation of the Ag/GST/Al2O3/Pt device was obtained with direct current voltage applied to the Ag electrode while the Pt electrode was grounded. Triggering the device by applying forming voltage caused the formation of two conductive filaments (CF), one composed of Ag within the GST layer and one composed of oxygen vacancies within the Al2O3 layer. After the CFs had formed, the insulating layers changed to their low-resistance state (LRS). We applied a compliance current of 10 −4 A to prevent permanent breakdown of the device. In contrast, a change to the polarity of the applied voltage caused the CF to rupture, so insulating layers changed to their high-resistance state (HRS) ( Figure  6a ). A repeated cyclic test was performed for more than 100 cycles; results confirmed that switching in the device was reproducible. Measurements of 100 cycles demonstrated that bipolar switching did not affect the electrical properties of the device (Figure 6a) . A semilogarithmic I−V curve (Figure 6a ) suggested that the changes in conductivity were consequences of formation and rupture of CFs.
Double-logarithmic plots of the I−V curves during positive and negative voltage sweeps confirmed the construction of CFs inside the insulator layer. Furthermore, the equations of the fitted curves were Ohmic for both LRS and HRS (I α V) (Figure 6b ). Fitting the curves to the results of positive and negative biases indicated that Ohmic conduction was the dominant phenomenon at both A repeated cyclic test was performed for more than 100 cycles; results confirmed that switching in the device was reproducible. Measurements of 100 cycles demonstrated that bipolar switching did not affect the electrical properties of the device (Figure 6a) . A semilogarithmic I-V curve (Figure 6a ) suggested that the changes in conductivity were consequences of formation and rupture of CFs.
Double-logarithmic plots of the I-V curves during positive and negative voltage sweeps confirmed the construction of CFs inside the insulator layer. Furthermore, the equations of the fitted curves were Ohmic for both LRS and HRS (I α V) (Figure 6b ). Fitting the curves to the results of positive and negative biases indicated that Ohmic conduction was the dominant phenomenon at both low and high voltages [6] .
To determine the reliability of the fabricated device, the data retention test was performed. We examined the ReRAM device with a reading voltage of 0.2 V. For both LRS and HRS states, the stored data were retained without any noticeable change for >4000 s. The I ON /I OFF (ON and OFF current) ratio (~10 6 ) was high; this result confirms that the memory window was wide (Figure 6c) .
These results prove that this memory device fulfills the requirements of nonvolatile memory.
Conclusions
We studied the design and simulation of a simple MPA with perfect and broadband visible absorbance that depends on the phase of Ge 2 Sb 2 Te 5 (GST). The total electrical and magnetic intensities as well as the related field distribution confirmed the physical origin of the absorption phenomenon. We also fabricated a nanoscale ReRAM device using GST and Al 2 O 3 as insulator layers, and characterized the electrical properties. The memory device that uses GST and alumina as the bilayer solid electrolyte demonstrated reproducible bipolar switching properties. Furthermore, the fabricated ReRAM had a reliable performance with a high ON/OFF ratio (~10 6 ) and an acceptable data retention time (>3 × 10 3 s). Based on the electrical measurements, the suggested conduction mechanism is Ohmic conduction and the switching mechanism is postulated to the formation and rupture of CFs.
Our proposed device is a potential candidate for optical storage systems, photonic synaptic devices, and energy-harvesting nanodevices.
